Abstract. An efficiency optimization method of permanent magnet synchronous machine for electric vehicles applications is researched. Considering iron loss equivalent resistance and direct torque control scheme, the relationship of stator flux and power loss is derived based on loss model. And then the real-time optimal target flux can be obtained through the relationship of d-axis stator flux, target torque and electric speed at the minimum loss situation. A fitting curve of iron loss equivalent resistance versus speed is obtained by simulation. This makes the iron loss equivalent resistance closer to the actual value compared with the fixed value. Simulation results show that the motor efficiency has been improved compared with traditional direct torque control.
Introduction
Compared with conventional internal combustion engine vehicles, the electric vehicles are cleaner, more efficiency and lower noise. It is currently the most promising development direction of the automotive industry with better dynamic performance [1] . The permanent magnet synchronous motor (PMSM) with small size, light weight, compact structure, highly efficiency is suitable as electric vehicle drive motor. Variable Voltage and Variable Frequency (VVVF), Vector Control (VC), Direct Torque Control (DTC) are the three methods for permanent magnet synchronous motor control [2] . Direct Torque Control (DTC) has advantages of simple control structure, fast torque response and robustness. Although permanent magnet synchronous motors have higher efficiency compared with asynchronous motors, the loss of the motor is still exist.
Wang Jin [3] analyzed factors affecting motor's losses and also concluded methods decreasing losses. Xu Jun-feng [4] and Xu Yan-ping [5] studied the relationship of current and loss of surface permanent magnet synchronous motor. Chen Xu [6] proposed LMC (loss minimum control) based on searching method. Kang Chang [7] presented a generalized relationship between d-q current for the LMC of PMSM. It showed that maximum torque per ampere and maximum torque per voltage can be derived as special case of LMC. The d-q current was treated as direct control value in this method. A. Dittrich [8] and Naomitsu Urasaki etc. [9] proposed a calculation method for iron loss resistance in the offline manner based on the linear feature between semi-input power and square of speed electromotive force.
The loss of motors includes iron loss, copper loss, stray loss and mechanical loss [10] . The mechanical loss can't be controlled as it is not directly related to current, torque and flux values. Just iron loss and copper loss are described in this paper.
The loss model of PMSM
The d-q axis equivalent circuit of PMSM considering iron loss and copper loss is shown in Figure 1 . For control purpose, the iron loss is modelled as a resistance, known as iron loss resistance which is in parallel in the circuit. The d-q axis current is divided into iron loss current and excitation current. (1), (2), (3) shown.
where ψ is the d axis flux, ψ q is q axis flux, L is the d axis inductance, L is the q axis inductance, ψ is the rotor flux, i is the d axis excitation current, i is the q axis excitation current, n is the pole pairs, T is the electromagnetic torque. According to the formula (1), (2), the excitation currents can be calculated as the formula (4), (5) shown.
The i , i can be calculated as formula (6), (7) shown by applying the Kirchhoff's first law for node A, B in Figure 1 .
Where i is the d axis current, i is the q axis current, i is the d axis iron loss current, i is the q axis iron loss current. The formula (8), (9) can be obtained by applying the Kirchhoff's second law to the right side loop in the Figure 1 .
Where p is the differential operator, ω is the electric speed, R is the iron loss resistance. In the steady state, p 0. The steady-state iron loss current expression is shown as formula (10), (11).
The iron loss P and copper loss P are computed shown as formula (12), (13).
The final power losses including both copper loss and iron losses can be represented as formula (14) . , . Figure 3 e manner, th at the iron lo is the copp ectromotive the iron los The fitting curve is shown in Figure 4 . The regression coefficient of the fitting curve is 0.991 which means that the formula well describes the trend of iron loss resistance. The iron loss resistance satisfies the formula (21). Figure 4 The curve of iron loss resistance and speed
Analysis of Simulation Results
The simulation is conducted at the electrical speed of 837.758 rad/s. According to the formula (21), the iron loss equivalent resistance is 383.6 Ω at this speed. The target torque steps from 30NM to 50NM at 0.02s. The loss minimization direct torque control and traditional direct torque control are simulated in the same situation respectively. The simulation results are shown in Figure 5 , 6. Using traditional DTC method, the motor efficiency is 96.79% when the target torque is 30NM and the efficiency is 94.9% when the target torque is 50NM. Using the method of loss minimization DTC, the motor efficiency is 96.94% when the target torque is 30NM and the efficiency is 96.23% when the target torque is 50NM. It can be seen that the motor efficiency improves 0.15% when the target torque is 30NM and the efficiency improves 1.33% when the target torque is 50NM compared with the traditional DTC.
Conclusions
This paper proposes a loss minimum control method through adjusting the flux reference dynamically based on loss model. The relationship between equivalent iron loss resistance and speed is acquired by finite element simulation under different conditions. The iron loss resistance increases linearly with speed increasing. Using the proposed LMC method, motor efficiency is improved compared with traditional direct torque control. 
